There are currently many experimental searches underway that try to detect QCD axions and axionlike particles. These, in addition to other constraints from astrophysics and cosmology, require a consistent and statistically rigorous analysis of the large landscape of axion models. Here, we present the rationale, methodology and preliminary results for global fits of axion models using the recently developed software framework GAMBIT.
Introduction
The QCD axion first appeared in the context of the Peccei-Quinn (PQ) mechanism, which was introduced to solve the Strong CP problem [1, 2] . Both Weinberg [3] and Wilczek [4] realised that the PQ mechanism gives rise to a pseudo-scalar particle. The QCD axion also turned out to be an excellent dark matter (DM) candidate [5] [6] [7] [8] . There also exists a much broader class of axion models, dubbed axion-like particles (ALPs), which are also well-motivated due to being DM candidates or appear in other contexts [9, 10] .
It is important to note that there are multiple possibilities of how to extend the Standard Model to include QCD axions or ALPs. In fact, the initial models of KSVZ type [11, 12] or DFSZ type [13, 14] define a "band" of models in parameter space [15, 16] . Recently, several authors categorised the original axion band in terms of phenomenologically interesting models as well as extended it [17] [18] [19] [20] . Hence, many possible axion models have to be compared to the available data.
Furthermore, there is already a wide range of experiments, observations, and theoretical arguments to constrain axion models. These efforts will grow in the coming years due to a continuing stream of new ideas and collaborations -as, e.g., seen in various talks throughout this conference. We therefore expect that the existing, early proposals [21] [22] [23] [24] [25] will be complemented by future detectors and observations. While the QCD axion has been studied extensively in the literature, theory uncertainties in its properties remain and ought to be taken into account. This also applies to the recent advances in lattice simulations of the temperature dependence of the axion mass [26, 27] .
Finally, any analysis of data is based on assumptions and, when combining different results, it is important to ensure their consistency. One example is the dependency of the signal predictions on the local DM abundance in axions for haloscope searches. The signal needs to be rescaled according to this quantity while, at the same time, one needs to consider the range of possible values for the local DM abundance.
We argue that, in light of the points raised above, it is important to consistently combine all available results in a statistically rigorous way. In the following, we introduce global fits as a method to, in principle, address and incorporate all of the issues mentioned in the introduction.
The underlying idea of global fits is to test one or multiple models against all available data and prior information. The goals of such studies are, e.g., parameter extraction, model comparison and discovery assessment. In order to achieve these goals, one has to make use of powerful algorithms to explore the parameter space. Ultimately, identifying the models that "best" describe the data is also the goal of the recently published software framework GAMBIT [28] [29] [30] [31] [32] [33] .
General overview
GAMBIT, the Global And Modular Beyond-the-Standard-Model Inference Tool, is a software framework for global fits. As the name suggests, one of GAMBIT's main features is modularity. This allows for easily integrating new components such as additional models, likelihoods and sampling algorithms. The user has the freedom to only include the likelihoods deemed relevant for a problem and perform a Bayesian or frequentist analysis. To this end, GAMBIT provides internal sampling routines and can also use a number of popular, external samplers [32] .
Using this framework, the Collaboration published a number of physics studies regarding the MSSM [34] , scalar singlet dark matter model [35] , and GUT scale SUSY models [36] . These will be complemented by, amongst other studies, a global fit of axion models. For more information on GAMBIT, we encourage the reader to consider the sections of Ref. [28] relevant to their interests.
Results for axion global fits
In our first study of axions in GAMBIT, we consider the case where the PQ symmetry is broken before the end of inflation (and not restored afterwards). As a consequence, the entire Universe is contained within one causally-connected bubble with homogeneous initial conditions for the axion field [5] . However, the initial field value need not be of order one, such that constraints from overproduction of dark matter can be avoided [37] . Since the initial field value θ i is uniformly chosen from the interval of −π to π [38] [39] [40] , this possibility comes at the price of a certain degree of fine-tuning. One also has to consider potentially problematic isocurvature perturbations [38] [39] [40] but, in exchange, an axion population from topological defects is diluted away by inflation.
We want to include all of the most relevant constraints and experiments for this case, such as results from ALPS [41] , CAST [42, 43] , various haloscope searches [44] [45] [46] [47] [48] [49] [50] , Supernova 1987A [51] , H.E.S.S. [52] , various telescope searches [53] [54] [55] [56] , HB stars/R-parameter [57] and the somewhat controversial WD cooling hints [57] [58] [59] [60] [61] [62] . Most of these constraints have already been successfully implemented in GAMBIT.
The structure of GAMBIT allows us to set up a family of axion models, including generalised QCD axion and ALP models as well as more specific models such as DFSZ or KSVZ. We consider an axion mass range from about 10 −10 eV to 10 eV. We will provide more details about the implementation of the various models in our upcoming publication. For this summary, it suffices to say that the QCD axion mass is given by
where the energy scale Λ, the exponent β and the critical temperature T crit are variable nuisance parameters, which are scanned over the range allowed by recent lattice results [27] . For ALPs, one Figure 1 : Exclusion limits for the axion-photon coupling (using Diver [32] ). We used our generic ALP model and assumed axions to be all of the DM. The exclusion regions are mostly due to Supernova 1987A (SN) [51] , ADMX [47] [48] [49] [50] and CAST 2007 results [42] .
simply sets β = 0. The axion-photon coupling g Aγγ is given by,
with the anomaly factor E /N and the model-independent contributionC Aγγ (we use the value obtained from di Cortana et al. [63] ). For ALPs, on the other hand, we replace the term in brackets by a single, arbitrary coupling constant. Using the already included likelihood functions, we can show that we are able to reproduce existing exclusion limits. An example for this is the m A -g Aγγ -plane as shown in Fig. 1 for DM made out of ALPs. For the latter, we sampled the likelihood for a general ALP model (fixing Λ = 10 16 GeV, imposing relic density within uncertainties and sampling over the local halo density). The profile likelihood therefore follows closely the naïvely expected exclusion results from, e.g., overplotting various exclusion curves (such as in Ref. [16] ).
As pointed out earlier, we rescale the signal expectation for, e.g., the ADMX experiment and are therefore sensitive to potential preferences regarding values of parameters such as θ i . Even though there is no a priori argument for why certain values of θ i should be preferred over others, this prior information will still influence a Bayesian analysis. In fact, in the pre-inflationary PQ symmetry breaking scenario, θ i is uniformly distributed in the interval from −π to π. We therefore have a physically-motivated prior with "natural" values of O (1). The Bayesian analysis automatically captures this well-known fine-tuning argument, and the limits from ADMX persist in the right panel of Fig. 2 , while the profile likelihood should be ignorant of that fact. However, the completeness of our sampling depends on the choice of priors. Better sampling can be achieved by combining the results of various scans (at least for the frequentist approach) or optimising our sampler settings.
Improving the sampling, including the remaining likelihood functions and using the advantages of both frequentist and Bayesian methods are the remaining steps for concluding this first study. In our final analysis we will also compare with so-called "cooling hints" for the existence of axions [57] [58] [59] [60] [61] [62] . [32] ) vs Bayesian (right, using MultiNest [64] [65] [66] ) inference. We sample θ i uniformly in the interval of −3.14 to 3.14 and only impose an upper limit on axions being the DM using Planck results [67] .
Outlook
In order to consistently combine the increasing amount of information on axions, we propose to use the global fitting framework GAMBIT. This will allow us to compare different axion models in our upcoming study on the pre-inflationary PQ breaking case. The other case, where the PQ symmetry breaks after inflation, is left for future work. Furthermore, GAMBIT offers the opportunity to combine axions with other beyond-the-Standard-Model physics, such as in the recently proposed SMASH model [68] .
